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a b s t r a c t 
Phosphor-free InGaN/GaN multiple quantum well (MQW) white light-emitting diodes 
(LEDs) have the advantages of simpler device process and potentially higher eﬃciency, 
and have attracted much attention in recent years. A host of technologies are emerging 
for implementing such white-light LEDs. Among them, the key issue is the color tuning 
of different emission wavelengths from InGaN/GaN MQWs with different indium (In) con- 
tent. However, owing to the limited growth technology for long-wavelength InGaN/GaN 
MQWs with high In content, it is very attractive to study selective area epitaxy (SAE) of 
InGaN/GaN MQWs on GaN microstructures with non- or semipolar microfacets combined 
with (0 0 01) c -plane. In this paper, we brieﬂy review the previous developments of In- 
GaN/GaN MQW based phosphor-free white light LEDs, then the particular technology for 
the growth of InGaN/GaN MQWs on the regrown GaN microfacets using SAE has been in- 
troduced, and related mechanisms for the formation of different non- or semipolar GaN 
microfacets fabricated by various mask patterns are discussed in detail. Furthermore, so- 
phisticated approaches made use of the InGaN/GaN MQWs on GaN microfacets to fabri- 
cated phosphor-free white light LEDs with polychromatic emissions are reviewed. 
© 2016 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
 
 
 
 
 
 1. Introduction 
In recent years, much attention has been paid to group III-nitrides due to their properties suited for the fabrication of
eﬃcient optoelectronic devices. High-performance InGaN/GaN quantum well (QW)-based light emitting diodes (LEDs) with
emission wavelengths in the blue/violet spectral region or in combination with phosphors for white light sources are com-
mercially available nowadays [1] . For developing the technology of white-light LEDs, besides the use of various phosphors
for converting colors, phosphor-free monolithic method is attractive because of its advantages of simpler fabrication process
and potentially higher eﬃciency. A monolithic scheme implies the use of all semiconductor materials integrated for emitting∗ Corresponding author at: School of Science, Jiangsu Provincial Research Center of Light Industrial Optoelectronic Engineering and Technology, Jiangnan 
University, No. 1800 Lihu Road, Wuxi 214122, China. Fax: + 86 510 85910227. 
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2405-4283/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. (a) TEM image of In-rich quantum dots embedded in InGaN layers. (b) Photographs of the LEDs injected by increased current [10] . (For interpretation 
of the references to color in this ﬁgure, the reader is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 required multiple colors. Theoretically, because the band gaps of InGaN with different indium (In) compositions can cover
the spectral range from ∼3.5 eV ( ∼350 nm) to ∼0.7 eV ( ∼1.75 μm) [2] , InGaN/GaN QWs with suitable In contents and well
widths can be used for covering the whole visible range. However, with a lower growth temperature for increasing indium
incorporation in growing the QWs for emitting light in the range from green to red, the crystal quality degrades seriously. In
particular, with higher indium content, normally stronger In-rich clustering occurs, resulting in the formation of more stack-
ing faults and dislocations near the clusters [2–4] . On the other hand, with higher In composition in a conventional (0 0 01)
c -plane QW, the strong quantum conﬁned Stark effect (QCSE) caused by strong piezoelectric ﬁelds (PFs) induces even lower
emission eﬃciency [5–7] .Therefore, it is diﬃcult to fabricate a high-eﬃciency InGaN-based LEDs at green–red wavelengths. 
In this paper, we will ﬁrst brieﬂy review the previous achievements of fabricating phosphor-free white light LEDs. Then
we focus on the technology of selective area epitaxy (SAE) of GaN microstructures and the growth of InGaN/GaN MQWs
on the GaN microfacets. The mechanism for the formation of non- or semipolar GaN microfacets combined with c -plane
(0 0 01) on different mask patterns will be discussed in detail. Afterwards, the results on growth conditions, morphological
structures, optical properties of MQWs on GaN microfacets will be introduced. Based on the achievements of SAE GaN
microfacets, phosphor-free white light LEDs with polychromatic emissions mixed from InGaN/GaN MQWs on different GaN
microfacets are demonstrated, and the summary of phosphor-free white light LEDs based on SAE technology for promising
solid state lighting will be presented. 
2. Review of phosphor-free monolithic white light LEDs 
Several approaches have been invented to fabricate phosphor-free monolithic InGaN/GaN white LEDs. With an appropri-
ate multicolor spectral distribution from an LED, white light or nearly white light can be obtained. Thus, the key issue is the
fabrication of InGaN/GaN QW structures for eﬃcient green, yellow, or red emissions. Because phase separation would easily
occur when composition ﬂuctuations and indium-rich clusters are formed in InGaN compounds with high In content [8] ,
the carrier-localized states generated in the potential minima could result in long-wavelength emission in the visible range
[9] . As can be seen from Fig. 1 , by controlling the In composition and cluster diameter, quantum-dot-like structures can
generate emission up to red range. The long and short wavelength emissions are from the localized states and free-carrier
states, respectively. And they both exist in the low In areas, combined to produce white light [10] . In this method, injection
current level could be increased to ﬁll up the localized states, which emitted yellow light, carriers in the free-carrier states
led to blue emission, white light was produced by the mixture of yellow and blue colors. 
Another approach for effective short-wavelength emission was proposed to grow blue-light QWs with a phase-separated
InGaN layer [11] . The green/amber emissions from the phase-separated layer hybrid with blue light resulted in the produce
of white light. It was also reported that by inserting an InGaN wetting layer before the growth of the high-In QW, the In
incorporation eﬃciency could be enhanced, so the In-rich quantum-dot-like structures could be easily formed [12] . 
Regrowth is an effective technology for combining epitaxial MQWs with various emission wavelengths to mix into white
light. A dual-color LED with blue and green emissions was fabricated by ﬁrstly etching part of a blue-wavelength QW
structure in the lateral direction and then regrowing a green-wavelength QW to ﬁll up the etched areas [13] . From Fig. 2 ,
it can be seen that the parallel carrier injected into the QW structures with dual-color wavelengths in this LED resulted
in a stable white emission color at high injection currents. In an alternative approach of lateral overgrowth, n -type GaN
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Fig. 2. Schematic (a) and SEM image (b) of the white LED using laterally distributed green and blue MQWs. (c) EL spectra of the dual wavelength white 
LED, (d) the integrated EL intensity and ratio of green to blue emissions as a function of injected current [13] . (For interpretation of the references to color 
in this ﬁgure legend, the reader is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 for n -contact beside the p -contact on the top of an epitaxial structure containing blue and green wavelength QWs were
regrown for lateral current ﬂow [14] . It was demonstrated that the variations of the relative intensities of the two colors in
changing injection current could be minimized with lateral current ﬂow. 
Wafer bonding is also an effective approach for the fabrication of white light LEDs. It was reported that after laser lifting
the sapphire substrate of a blue LED, a green LED was bonded with the blue LED [15] . Also, Guo et al. developed a method
by wafer bonding an InGaN-based blue LED with an AlGaInP-based red LED to form the white-light device with blue and
red emissions [16] , which presented perfect CIE chromaticity coordinates near to (0.3, 0.3) at the injection current of 20 mA.
The more direct methods for white LEDs are polychromatic emission using monolithic growth of MQWs with multiple
parameters. It is believed that the simplest way for white light emission is the monolithic growth of multi-parameters QWs.
Two parameters, including In composition and InGaN QW layer width, can be used for tuning the emission wavelength
of MQWs. Monolithic white light LEDs based on InGaN/GaN MQWs of different QW widths [17] and different In content
[18] were reported previously. Chen et al. reported an InGaN/GaN MQW with dual-wavelength near-white LEDs, as shown
in Fig. 3 . By using this method, An InGaN/GaN blue MQW structure and an InGaN/GaN green MQW structure were grown
sequentially onto the same substrate in order to achieve a GaN-based near-white LED. Large size of 1 ×1 mm 2 LED chip was
chosen to avoid the thyristor effect. It is found from Fig. 3 (b) that a near-white light emission shows CIE of x = 0.2 and y =
0.3, when the injection current is lower than 200 mA, and the output power, luminous eﬃciency and color temperature of
such white LED are 4.2 mW, 0.81 m/W, and 90 0 0 K, respectively [19] . Other methods of combining growth of blue and green
(or yellow) emitting MQWs for generating white light have been widely investigated [20,21] . For increasing In content, the
growth temperature in the QW layer needs to be reduced. However, normally a lower temperature leads to higher defect
intensity. Thus, high In incorporation in InGaN/GaN QWs would scarify the crystal quality. The obstacle of growing high
quality InGaN/GaN MQWs containing high In content is due to the large lattice mismatch between the InGaN QW and the
GaN barrier layers. As a result, nanocolumn growth has been developed to solve the problem of built strain in the lateral
direction between GaN and In-rich QW layers, because the air gap between the columns can provide enough space for lat-
eral strain release, which would reduce QCSE and lead to higher radiative recombination rate for carriers. The growth of
InGaN/GaN MQWs along nanocolumns for blue, green, and red emissions has been obtained by using MOCVD [22–24] and
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Fig. 3. (a) Schematic structure of dual-wavelength MQW LEDs, and (b) EL spectra of the LED with different amount of injection currents [19] . 
Fig. 4. Schematic diagram of InGaN/GaN MQW nanocolumn LEDs and (b) the cross-sectional SEM image [29] . 
 
 
 
 
 
 MBE [25–28] . Because the nanocolumn geometry makes LED fabrication and packaging more complicated, the develop-
ment of phosphor-free white LEDs based on nanocolumn structure depends on the successful coalescence overgrowth of the
nanocolumns, which is shown in Fig. 4 [29] . It can be seen from the TEM image of Fig. 4 (b) that the p -GaN on InGaN/GaN
MQDs would become coalescent, forming the ﬂat ﬁlm layer on the surface. The development of phosphor-free white LED
based on nanocolum growth does not only depend on the successful coalescence overgrowth of the nanocolumns. Nanowire
LEDs can be fabricated using dielectric or polymer materials as surface passivation or planarization. For example, such as
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Fig. 5. SEM images of morphological changes in selectively grown GaN using dot pattern under different growth temperatures and reactor pressure [39] . 
Fig. 6. SEM images of morphological changes in selectively grown GaN on the [1 −100] stripe pattern under different growth temperatures and reactor 
pressures [39] . 
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Fig. 7. Mechanisms of the morphological change in SAE GaN along the [11 −20] (a) and [1 −100] (b) stripe patterns, and the corresponding atomic conﬁg- 
uration [40] . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 SiO 2 [30] , spin-on glass (SOG) [31] , polyimide [32] , and parylene [33] is often used to planarize the nanorod or nanowire
surface. 
3. InGaN/GaN MQWs grown on GaN microfacets 
3.1. Growth of GaN microfacets using selective area epitaxy and related mechanisms 
As mentioned above, the strong QCSE caused by strong PFs in InGaN/GaN MQW with high In content on c -plane sub-
strates would result in even lower emission eﬃciency. By suppressing the strong PFs in MQWs, it is expected that the
eﬃciency of nitride-based devices can be drastically improved [6] . That is reason why many groups have widely focused on
the investigation of GaN and GaN-based devices in non- or semipolar growth directions, as it could reduce the PFs for QWs
grown along these crystal directions [34] . In recent years, selective area epitaxy (SAE) has been employed for the growth of
GaN and InGaN pyramids and stripes. In SAE process, growth occurs in openings or “windows” produced in dielectric mask
such as SiO 2 , SiN x or bare sapphire when uniform GaN grown and etched [34] . Lateral growth extending over the mask
materials in SAE not only reduces the vertical propagation of threading dislocations [35] , but also the side walls formed
during SAE produce different crystal planes which may correspond to non- or semi-polar planes. 
Selectively grown pyramids on small openings usually have six equivalent semipolar {1 −101} sides walls. It is reported
that the microfacet structure of GaN depended on the growth temperature, TMG ﬂow rate, and NH 3 partial pressure [36–
38] . As displayed in Fig. 5 , pyramidal structures with facet of semipolar {1 −101} and (0 0 01) micro-planes could be formed
under different growth conditions. These morphological changes suggest that, besides (0 0 01) plane, the {1 −101} plane is
stable for higher reactor pressure or lower growth temperatures when the dot pattern mask is used for SAE-MOCVD. 
For stripe patterns, as reported by Hiramatsu et al., the SAE of GaN with stripe patterns oriented along different directions
are inclined and bound by different semipolar planes. When the GaN was selectively grown on the SiO 2 stripes along the
[11 −20] direction for different growth temperatures and reactor pressures, {1 −101} surfaces without or with narrow (0 0 01)
appeared, the growth rate of {1 −101} was almost constant and independent of the growth conditions. As for the SAE GaN on
the stripes along [1–100] direction, Fig. 6 shows that the shapes of GaN are divided into four regions. In region I ( T < 925 °C),
the morphologies are poor with lots of large pits on the top and inclined {1 −101} planes. In region II, the microfacets are
composed of the semipolar {11 −22} side walls and smooth (0 0 01) surface. In region III, the side wall facets are changed from
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Fig. 8. (a) Schematics of semipolar {1 −101} InGaN/GaN MQW grown on hexagonal pyramidal GaN structures using SAE. (b) The SEM image of the hexago- 
nal pyramidal structures grown on a SiN mask with an array of circular openings. (c) CL mapping of InGaN pyramid for different wavelength ranges [ 48 , 50 ]. 
(For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 {11 −22} microfacets to the {11 −20} vertical planes, as the reactor pressure decreases and growth temperature increases
compared to that of region II. While in region IV, the (0 0 01) surface becomes rough at lower reactor pressure or higher
growth temperature [39] . Therefore, it can be concluded from the images that the effect of decreasing reactor pressure are
similar to that of increasing growth temperatures for SAE GaN along [1 −100] stripe patterns in MOCVD chamber. 
In order to explain the mechanisms of SAE GaN grown along [11 −20] and [1 −100] directions, Fig. 7 shows the schematic
modes of the morphological change and corresponding atomic conﬁgurations. The shape on the stripe along the [11 −20]
direction is composed of {1 −101} facets and reveals no change under different reactor pressures and growth temperatures,
as shown schematically in Fig. 7 (a). The reason should be explained by the stability of different surfaces that depends
mainly on the surface energy and the stability of surface atoms. Here, the density of dangling bonds per unit area (DB)
and the surface polarity have been evaluated for simplicity. The microfacet with the smallest DB for each plane direction is
selected as the facet to discuss the surface stability. Since the DBs of the (0 0 01) and {1 −10 0} facets are 11.4 and 12.1 nm −2 ,
respectively, which are smaller than that of the {1 −101} facet with 16.0 nm −2 DBs, the (0 0 01) facet or {1 −10 0} facet is
expected to be easily formed. However, in fact, the {1 −101} facet appears under various MOCVD growth conditions. This
would be attributed to the N -polarity of the surface. The surface possessing N -polarity is stabilized under the condition
of high V/III source gas ratio, and it becomes more stable especially under growth conditions of higher pressure or lower
temperature, which could decrease the growth rate and result in the formation of {1 −101} facet. On the other hand, as
shown in Fig. 7 (b), the morphological change from region II to IV and the corresponding atomic conﬁguration with DB and
surface polarity for each facet are displayed. The morphology with decreasing reactor pressure changes in a similar trend
with increasing growth temperature from regions II to IV. In the region II, the (0 0 01) surface becomes narrow and the side
wall {11 −22} surface becomes broad at higher reactor pressure or lower growth temperature. In region III, at lower reactor
pressure or higher growth temperature, {11 −20} planes start to instead of {11 −22} side wall planes. 
The morphological change from {11 −22} to {11 −20} would be also considered by the stability of each surface, depending
on the surface energy and stability of surface atoms. The {11 −22} facet obtains the possibilities of N -polarity or Ga-polarity
on the surface. The surface with N -polarity tends to appear because surface nitrogen atoms are stabilized under the growth
condition of high reactor pressure or low growth temperature. Therefore, the atomic conﬁguration of the {11 −22} facet with
N -polarity is dominant. So it is suggested that the growth rate of the {11 −22} surface becomes slow, resulting in narrow
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Fig. 9. SEM image (a) and PL spectra (b) of InGaN/GaN MQWs on GaN trapezoidal stripes along the [1 −100] direction [69] . (For interpretation of the 
references to color in this ﬁgure, the reader is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 {11 −22} surface and broad (0 0 01) surface at the conditions of increased temperature or decreased pressure in region II.
On the contrary, in region III, {11 −22} facet becomes unstable at low pressure or high temperature, because the surface
nitrogen atoms are not stabilized, inducing a narrow surface. And then the surfaces comprise {11 −20} and (0 0 01), which
are energetically much favorable because the DBs for (0 0 01) and {11 −20} are 11.4 and 14.0 nm −2 , respectively, which are
smaller than that for {11 −22} with DB of 17.8 nm −2 [40] . As a result, the morphology of the SAE GaN can be controlled
by adjusting the MOCVD growth parameters, and different GaN non- or semipolar microfacets have been obtained under
different conditions. 
3.2. InGaN/GaN MQWs on various geometry of GaN microfacets 
Owing to the reduced overlap of the electron and hole wave function caused by QCSE, the recombination probability
decreases for InGaN/GaN MQWs grown on c -plane substrates, and makes longer wavelength InGaN/GaN MQW device struc-
tures less eﬃcient. Because the internal PF in the semi- and nonpolar layers are much lower than those grown in the (0 0 01)
direction [41] , it is desirable to grow InGaN/GaN MQW with reduced or completely without internal PF. This is currently
being widely studied by many groups, the MQW could be grown on the r- plane of sapphire, where GaN grew in [11 −20] di-
rection [42,43] . Other approaches made use of more exotic substrates such as LiAlO 2 [44] , MgAl 2 O 4 [45,46] , on which {1 −1
00}, {10 −11} and {10 −1 −3} GaN planes have been achieved. However, the layer quality on these substrates cannot compete
with that obtained on the commonly used c -plane sapphire or SiC wafers. This problem could be overcome by starting the
epitaxial growth in the c -direction, but forming GaN microfacets by SAE where other semi- or nonpolar micro-planes de-
velop on the microfacets, on which eventually the QW structures can be grown. Semipolar InGaN/GaN MQW fabricated on
the {10 −11} facets of GaN pyramidal structures by SAE (shown in Fig. 8 (a) and (b)) would remarkably reduce the internal
electric ﬁeld in MQWs [47] , and the internal quantum eﬃciency was estimated to be improved by a factor of 3 [48] . By con-
trolling the MQW growth conditions, different wavelength emissions, even near-red emission from the pyramidal InGaN/GaN
MQW were achieved [49,50] , which can be seen from Fig. 8 (c). 
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Fig. 10. Top-view SEM images of SAE InGaN/GaN MQWs on GaN microfacets grown at different tem peratures of 890 °C (a), 920 °C (b), 955 °C (c), and 
900 °C (d) [70] . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Neubert [51] and Nishizuka et al. [52] proposed to use the side-facets formed along [11–20] and [1–100] directions for
the deposition of InGaN/GaN MQW stripes on semipolar {1–101} and {11–22} planes [51,52] . Indeed, this approach provides
large areas of semipolar facets on a regular full wafer while the core nitride material is grown in the c -direction where
best material quality can be obtained [53] . Moreover, various competing facets – e.g. the semipolar {11–22} and {11–20}
side facet and the {0 0 01} c -plane of trapezoidal stripes running along the [1–100] direction-show different growth rates
and In incorporation [54–57] . Then, they emit light of different blue and green wavelengths by designing an adequate mask
pattern [58–63] . Moreover, polarized light emissions can be obtained from the semipolar InGaN/GaN MQWs on the {1–101}
GaN microfacets [64] , and uniformly polychromatic integrated light emission over a wide range of the visible spectrum
have been obtained from InGaN/GaN QWs grown on epitaxially laterally overgrown GaN stripes, which is related to the
dependence of the mask geometry and QW width on the relative position along the GaN microfacets [65–68] . Our previous
work even proved that potentially white light can be obtained by growing MQWs on the trapezoidal {11–22} and (0 0 01)
stripe microfacets, as shown in Fig. 9 [69] . The trapezoidal GaN micro structure was formed by using the SAE GaN with stripe
masks along [1–100] direction, and the white light originated from mixed colors of blue and yellow lights from {11 −22} and
(0 0 01) MQWs, respectively ( Fig. 9 (b)). Additionally, we also have investigated the temperature-dependent morphological
evolution and emission properties of InGaN/GaN MQWs grown on SAE GaN microfacets using crossover stripe patterns
along both the [1 −100] and [11 −20,7 0]. As can be seen from Fig. 10 , the shapes formed by the outer edges of selectively
overgrown GaN on crossover stripe patterns gradually change from nearly rectangular to hexagonal when the GaN growth
temperature elevates from 890 °C to 990 °C. The boundaries of these shapes are composed of a series of surfaces, with c -
plane surface on top. The c -plane surface becomes larger with increasing growth temperature due to the surface migration,
and the lateral vapor-phase diffusion is enhanced. Besides, semipolar {1 −101}, {11 −22} and {21 −33} microfacets could be
formed under speciﬁc growth temperatures. From the CL spectra shown in Fig. 11 , it is observed that the CL emission peaks
at about 429, 422, 413 and 512 nm originated from MQWs on {1 −101}, {21 −33}, {11 −22} microfacets and c -plane (0 0 01)
top surface, respectively. The polychromatic characteristics are attributed to local variation of both the InGaN quantum well
thickness and composition on one single facet when going from top to bottom [71–74] . And the gas phase diffusion effect
would be responsible for these phenomenon, because In enrichment could be originated from additional source supply due
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Fig. 11. Room temperature CL spectra of InGaN/GaN MQWs grown on different microfacet structure [70] . 
Fig. 12. (a) SEM images of InGaN QW triangular rings for two mask orientation. (b) CL spectra from different facets of InGaN QW triangular ring. The inset 
shows the CL intensity images at select wavelengths [76] . 
 
 
 
 
 to the surface migration effect and lateral vapor-phase diffusion during SAE. The migration length of the group III atoms on
the mask and their diffusion lengths in the vapor phase are ordered according to In > Ga > Al. Therefore, In enrichment
during SAE occurs due to the enhanced supply of In species from inclined facets to the top surface [75] . 
Furthermore, Feng et al. reported that the SAE of triangular microrings with a single type of {1 −101} facets on the inner
and outer side walls (shown in Fig. 12 (a) and (b)) [76] , and 6 {11 −22} facets with 12 {21 −33} facets on the inner ring of
a ring-shaped GaN ridge, whereas the outer ring was formed by 6 {1 −101} facets (shown in Fig. 13 (a)) [77] . As mentioned
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Fig. 13. SEM image (a) and CL spectra from different side wall facets (b) of SAE InGaN QW microring [77] . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 above, the In incorporation eﬃciency on these facets is quite different. Therefore, various light emissions are observed on the
structures containing multiple semipolar microfacets in one triangular ring or microring. Additionally, the above-discussed
gas phase diffusion phenomena enforce such composition and thickness non-uniformity. Consequently, broad spectra have
been observed in CL and EL, which could be seen in Figs. 12 (c) and 13 (b). These results show promising prospects for white
emitters for solid state lighting. 
The aforementioned SAE GaN microfacets and semipolar InGaN/GaN MQWs were all based on sapphire substrates, as the
SAE technology would reduce the threading dislocations and defects in the regrowth GaN epilayers [39] , it was proposed to
improve the GaN crystal quality on Si substrates. Honda et al. obtained GaN ﬁlms free from cracks on Si (111) substrate using
SAE-MOCVD, and the area of the crack free GaN was more than 200 μm ×200 μm [78] . Furthermore, crack free GaN based
InGaN light emitters on Si (111) substrate, the crack free layer was grown on a thin predeposited GaN with open “windows”
deﬁned by Si x N y mask also using SAE-MOCVD [79] . By using the advantages of crack-free GaN growth on Si substrates and
polychromatic characteristics of InGaN/GaN MQWs with GaN semipolar microfacets, Zhang et al. employed this technology
to grow two-color InGaN/GaN microfacet MQWs on 4 in. Si substrate. As shown in Fig. 14 (a), four different mask geometries
with dimensions (windows size, mask size) deﬁned as (2 μm, 4 μm), (4 μm, 2 μm), (5 μm, 5 μm), (3 μm, 7 μm), which
were denoted as A, B, C, and D, respectively. After the regrowth of GaN and InGaN/GaN MQWs by MOCVD, the morphologies
strongly depended on the mask geometry [80] . It can be seen from Fig. 14 (b) that only one strong PL emission peak is
observed from sample A, and two emission peaks are observed from the other three sample with trapezoidal morphology.
The emission peak at higher energy is from the MQW emission of {11 −22} semipolar microfacet, while, the peak at lower
energy is from the (0 0 01) MQW. Fig. 14 (c) displays the variation of PL integrated intensity as a function of azimuth φ,
which is deﬁned as the angle between the direction of the MQWs stripe and the vertical axis of ω. It is interestingly found
that the PL intensities for {11 −22} MQWs increase with φ and reach the highest value at φ = 90 °. This is because at the
angle of 90 ° and for the given laser polarization, the Brewster angle for nearly zero reﬂectivity is obtained. On the other
hand, there is no effect of polarization orientation on the PL intensity for planar (0 0 01) MQWs [81] . Also, SAE growth
of GaN nanocolumns with dislocation ﬁltering effect on Si substrates were used as nanocolumn emitters [82] . Moreover,
semipolar {1 −101} blue and green InGaN/GaN LEDs were grown directly on micro-stripe patterned Si substrates [83] , which
was evolved from SAE-like process. The optical properties of the semipolar {1 −101} MQWs on patterned Si substrate were
systematically investigated [84,85] , which would promote the SAE technology for high quality semipolar and nonpolar GaN
and InGaN/GaN MQW growth on patterned Si substrates directly. 
4. Phosphor-free white light LEDs based on GaN microfacets 
InGaN/GaN MQWs grown on the non- and semipolar microfacets by SAE would cause different delivery speed for III-
group species due to the migration from masked region and lateral vapor phase diffusion effect, which has potential ap-
plications as light-emitting devices with multi-wavelengths that perform numerous color controllability [70] . Moreover, this
technology can provide large areas of semipolar facets on a regular full wafer, and enables to deposit full LED structures
on the semipolar side facets including InGaN/GaN QWs sandwiched between n - and p -doped GaN layers and hence to ex-
tract fairly eﬃcient electroluminescence. The polychromatic EL from current-driven InGaN/GaN microfacet white LEDs have
been ﬁrstly achieved by Nishizuka et al. [86] and Funato et al. [87,88] . As the SEM images shown in Fig. 15 , the novel LEDs
were fabricated by MOVPE to form microfacet structures by using the SAE processes with the SiO 2 mask stripes deﬁned
in the [1 −100] direction. GaN regrowth created microstructures containing (0 0 01), {11 −22}, and {11 −20} facets along the
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Fig. 14. (a) SEM images of GaN grown on four different mask geometries (denoted as A, B, C and D), the inset shows the schematic diagram of the 
InGaN/GaN MQWs on GaN microfacets; (b) PL spectra of the four MQW samples with φ = 90 °; (c) PL intensity of {11 −22} (solid line) and (0 0 01) (dashed 
line) facet MQWs as function of the azimuth φ, as shown in the inset image of (b) [81] . 
 
 
 
 
 
 
 
 
 [1 −100 ] direction by controlling the growth parameters. The shape of microfacet structures A and B depends on the SiO 2 
mask dimensions, the opening was ∼5 μm for A and ∼15 μm for B, while the mask region was ∼5 μm wide for both A
and B. Finally, three period of InGaN/GaN MQWs and p-GaN cap layers were fabricated on these microfacets. Fig. 16 shows
the EL spectra and CIE diagram of the microfacet LEDs, the EL spectra clearly displays polychromatic emissions, the emis-
sion at 460–480 nm (blue) was mainly due to the QWs on inclined {11 −22} microfacet in A and partially to those in B, the
emissions at 570 nm (green yellow) originated from the QWs on ﬂat (0 0 0 1) microfacet in B, while the broad emission at
690 nm (red) was attributed to the QWs on (0 0 0 1) facet in A. Due to the additive color mixture, the apparent colors were
white and approximated the chromaticity of blackbody radiators as shown in Fig. 16 (b). The emission colors can be tuned
by adjusting the A:B ratio in single chip, and the color temperatures of 40 0 0, 60 0 0, and 15,0 0 0 K were obtained for white
LEDs ( ⅰ ), ( ⅱ ), and ( ⅲ ), respectively. It is noteworthy that the microfacet white LEDs cover both the typical color temperatures
of ﬂuorescent lamps, which range from 30 0 0 K to 6500 K, and those of conventional white LEDs of ∼5500 K [89] . 
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Fig. 15. Cross sectional SEM images of fabricated microfacet LED before device processes. Enlarged image indicates a mixture structure of A and B with a 
ratio of 1:1. [88] . 
Fig. 16. (a) EL spectra and (b) CIE diagram for three type microfacet white LEDs with different A: B ratios [88] . (For interpretation of the references to 
color in this ﬁgure, the reader is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 Cho et al. also reported a novel InGaN/GaN MQW based white light LEDs on GaN microfacets using SAE [90] . However,
compared to the white LEDs invented by Funato, the SiO 2 mask pattern for the regrowth of SAE GaN was formed in the
direction of [1 −100] and [11 −20], with a width of 12 μm and a spacing of 6 μm between masks. As shown in Fig. 17 , the
trapezoidal n -GaN arrays which have semipolar {11 −22}, {1 −101} side facets, and c -plane (0 0 01) top facets were formed,
then followed by the growth of InGaN/GaN MQW and p -GaN layers on the n -GaN microfacets. The PL spectra shown in
Fig. 18 (a) indicated that 550, 453, and 472 nm PL emission peaks were from MQWs on c -plane (0 0 0 1) top facet, semipolar
{11 −22}, and {1 −101} side facets, respectively. From Fig. 18 (b) and (c), it also can be noted that as the injection current
increased, the integrated EL intensity of MQWs on c -plane (0 0 01) became saturated, while that of semipolar facets increased
continuously. The saturated EL intensity of c -plane (0 0 01) was mainly attributed to the lower quantum eﬃciency of MQWs
than that of semipolar microfacet due to high In composition and large polarization-induced electric ﬁeld in MQWs on c -
plane [91] . Moreover, the EL intensity ratio of MQWs on semipolar and c -plane increased with increasing injection current
and the EL emission color of the LED changed from reddish to bluish color due to the change in the intensity ratio of
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Fig. 17. (a) Schematics of white LED, (b) top-view SEM image of the LED structure, and (c) microfacet structures composed of c -plane (0 0 01) and semipolar 
{11 −22} and {1 −101} facets [90] . 
Fig. 18. (a) Room temperature PL and microscopic-PL spectra of InGaN/GaN MQWs on different microfacets. (b) The integrated EL intensity and (c) the 
ratio of integrated EL intensity ( I semipolar / I c -plane ) of MQWs on c -plane (0 0 01) and semipolar microfacets with increasing injection current. The background 
color is the same as the EL emission color [90] . (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this 
article.) 
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Fig. 19. (a) Top-view and (b) cross sectional SEM images of InGaN/GaN MQWs on GaN inverted microring structure. (c) EL spectra and I–V characteristics 
of the microfacet white LED [94] . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 MQWs grown c -plane and semipolar GaN microfacets. The large variation of EL intensity ratio with increased current for
the microfacet white LEDs would be due to reason that c -plane (0 0 01) and semipolar GaN templates have different Mg
incorporation eﬃciency in p -GaN [92] and quantum eﬃciency of InGaN/GaN MQWs [93] . 
Our work employed the similar method as that of Cho et al., by controlling the growth temperature of the regrowing
n -GaN microstructure, GaN inverted microring structures were formed with a series of inclined {1 −101} microfacets in the
inner side and ﬂat (0 0 01) surfaces between the microrings, as shown in Fig. 19 (a) and (b). After the growth of InGaN/GaN
MQWs and fabrication of LED device, It can be observed from the EL spectra of Fig. 19 (c) that white light was realized by
combining 445 and 560 nm emission peaks from MQWs on semipolar {1 −101} and (0 0 01) facets. The variation of emission
wavelength on different facets is attributed to the lateral vapor diffusion and surface migration of III-group atoms during
SAE growth [94] . 
Lee et al. obtained InGaN/GaN MQWs grown on a GaN template with truncated hexagonal pyramids with (0 0 01)
c -plane and {1 −101} plane, as shown in Fig. 20 (a) and (b). The truncated hexagonal pyramids were formed by the re-
growth of GaN on a SAE Si-implanted GaN template. For the SAE mask preparation, 90 nm SiO 2 and 200 nm Al layers were
deposited in sequence on the Si-doped n -GaN epitaxial wafer. The Al layer was patterned as circular dots with diameters of
3 μm to cover the Si ion implantation, while the SiO 2 layer was severed as ion stopping layer to alleviate the channeling ef-
fect and cause the implanted Si ions accumulate to the surface of the n -GaN template [95] . After the regrowth of truncated
hexagonal pyramid arrays and LED structure, the LED chip was fabricated using photolithography, dry etching, and elec-
trode evaporation processes, the schematic diagrams of layer structure and LED chip with truncated hexagonal pyramids are
shown in Fig. 20 (c). As can be seen from Fig. 20 (d), light emission of the LED chip changed from red to near white when the
injection current was increased from 5 to 100 mA, which could be attributed to the broad emission caused by the variation
of the well thickness and In composition in InGaN/GaN MQWs on the semipolar {1 −101} and (0 0 01) microfacets [96] . 
Furthermore, by reducing the mask dimension, hexagonal nanopyramid arrays could be formed during the SAE growth
(shown in Fig. 21 ). Wu et al. [97] fabricated highly ordered hexagonal nanopyramid LEDs with InGaN/GaN QWs grown on
nanofacets, demonstrating an electrically driven phosphor-free white light emissions, as shown in Fig. 22 . The TEM results
show that both the QW width and In incorporation increased linearly along both the {1 −101} planes toward the substrate
and the perpendicular direction to the {10 −11} planes. Besides the high internal quantum eﬃciency of MQWs on semipolar
nanofacets, theoretical simulations proved that the light escape cone of the fabricated nanopyramid structure was signiﬁ-
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Fig. 20. Top view (a) and cross-section-view (b) SEM image of GaN layer regrown on the Si-implanted GaN template. (c) Schematic layer structure of the 
LED chip with truncated hexagonal pyramids. (d) Typical photographs of the LED chip with truncated hexagonal pyramids under different current injection 
[96] . (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.) 
Fig. 21. SEM images of (a) nanopyramid core arrays before MQWs were regrown, (b) nanopyramid LED arrays with SiO 2 mask and (c) after removing SiO 2 , 
respectively. (d) TEM cross sectional view of the nanopyramid LED arrays [97] . 
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Fig. 22. (a) TEM cross-section of a single nanopyramid white LED. (b) For the cross-section cut along the ridges, the normalized TEM-EDX line scan analysis 
was carried out perpendicular to the QW, as indicated in the lines a (blue) and b (yellow), representing the middle position of the upper part and the 
lower part of the nanopyramid, respectively. (c) Monochromatic CL images at the wavelength of 440 and 550 nm. (d) EL emission spectra of the white LEDs 
[98] . (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 cantly broadened as compared with that of conventional LEDs with ﬂat surface [98] . The successful fabrication of white light
LEDs on semipolar nanofacets using SAE indicates that the technique is very promising for future high eﬃcient phosphor-
free white light LEDs [99,100] . 
5. Conclusion 
In summary, we have reviewed the progress of research on phosphor-free InGaN/GaN MQW white light LEDs shortly.
Subsequently, a particular growth method of GaN microfacets with non- or semipolar planes mixed with (0 0 0 1) c -plane
by using SAE technology has been introduced, and the mechanisms related to the formation of various GaN microfacets on
different mask patterns are also discussed. InGaN/GaN MQWs grown on these combined GaN microfacets reveal polychro-
matic electroluminescence due to the different quantum well width and In composition incorporation eﬃciency on different
non-polar, semi-polar and c -plane microfacets. Additionally, based on this SAE technology, various structures of phosphor-
free white light LEDs are demonstrated, and the LED structures grown on non- or semi-polar microfacets have reduced
piezoelectric ﬁelds, which would be beneﬁcial for emission eﬃciency improvement, and are potentially useful for future
solid state lighting. 
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